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PtLwtact 

This  raport  is  ch«  sumnsrv  of  my  Invastlgaclons  Into  ch«  use  of  « 
Matal'Nltrlda^Oxids-Ssniconductor  as  chs  dacector  for  a high  dosa  leval 
radiation  dosimatar.  I tarmlnated  my  rasaarch  aftar  complatlns  a 
partially  autooatad  dosimatar.  Furthar  work  Is  naadad  to  bring  tha 
dosimatar  to  tha  production  staga.  A small  microprocassor  should  ba 
addad  to  allow  a direct  readout  of  radiation  dosa.  At  its  present  staga 
of  development  tha  dosimeter  reading  Is  used  In  conjunction  with  a graph 
to  give  a value  of  radiation  dosage. 

This  rasaarch  was  sponsored  by  the  Transient  Radiation  Effects 
Branch  of  tha  Air  Force  Weapons  Laboratory  (AfWL/ELT),  Kirtland  .-VFB, 

Nav  Mexico. 

For  their  encouragement  and  support,  I eun  Indebted  to  my  advisors. 
Dr.  George  John  and  Dr.  Richard  Hagee.  Roger  Tallon  of  tha  AFWL  was 
instrumental  in  the  procurement  of  tha  MNOS  devices  and  in  Initial 
circuit  design.  Tha  technicians  of  tha  AFIT  Physics  Department  assisted 
in  circuit  fabrication. 

Che  essential  support  for  this  entire  project  cama  from  my  wife, 
Linda,  and  our  two  children.  Without  their  understanding  and  love 
this  dosimatar  would  still  ba  only  a possibility. 


Ronald  G.  Fraass 
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Abstract 

A Mthod  of  radiation  doalaacry  using  a Matal«Nitrida*Oxida« 
Saaiconduetor  (MNOS)  davica  as  tha  datactor  was  davalopad  and  partially 
avaluatad. 

Tha  MNOS  davicaa  ara  capabla  of  maasuring  dosas  from  10  k rads  to 
4 M rads.  Rapaatability  of  obsarvations  indicatas  a pracision  of  ± IX 
of  total  dosa  froai  200  k rads  to  4 M rads  (Si).  Oosaga  in  rads  is 
obtainad  by  rafaranca  to  a ealibratad  sourca  axposura  rata  and  not  to 
dosa  absorbad  within  tha  dosiaatar.  A Co^^  sourca  was  usad  for  all 
radiation  tasting. 

Sehaaaties  ara  givan  for  soaa  of  tha  circuits  tastad.  Oatamina* 
tion  of  dosaga  froa  tha  systam  is  indiract  and  raquiras  tha  usa  of  a 
calibration  cutva.  Each  dosiaatar  aust  ba  ealibratad  froa  a known 
sourca.  Oiract  raadout  of  dosa  is  suggastad  by  usa  of  a aicroprocassor. 

Oeposura  to  2 x 10^  rads  did  not  dagrada  parforaanca.  Oavicas 
avantually  failad  dua  to  charga  aigration  froa  tha  larga  intagratad 
circuit  chip  on  which  thay  wara  fabricatad.  Oiscrata,  non-stappad  gata 
MNOS  transistors  ara  racoaaandad. 
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use  OP  A METAL-NlIRIOe-OXlOE'SEMICONOUCTOR 
AS  THE  OCTCCTOR  FOR  A RADIATION  DOSIMETER 


I.  Introduction 


A dlroct  roadout  nothod  of  radiation  doslaatrv  was  daslrad  for  j 
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certain  exparimantal  work  at  tha  Air  Pore#  Weapons  Laboratorv  (AFVL) , 
Klrtland  APB,  (Ref  8).  The  experimental  work  required  determination 
of  radiation  dosages  in  semiconductor  materials  which  were  irradiated 
with  a pulsed  X^rav  or  electron  beam  machine.  These  irradiation  methods 
require  that  tha  target  materials  be  in  a vacuisn  chamber.  Most  standard 
dosimeters,  as  tha  Tharmoluminescence  dosimeter  (Ref  7:397-409)  or  Ceric 
Sulphate  dosimeter  (Ref  3),  would  need  to  be  removed  from  the  target 
chamber  after  each  dose  to  permit  them  to  be  read  to  determine  the  radia- 
tion dosage.  Removal  of  the  dosimeter  from  the  target  chamber  between 
radiation  exposures  meant  a delay  of  several  hours  between  pulses.  This 
lengthy  delay  included  time  for  reading  the  dosimeter  and  time  to  again 
achieve  the  desired  vacuum  in  the  target  chamber.  If  an  accurate 
dosimetry  technique  which  permitted  direct  electrical  readout  of  dose 
were  available,  the  delay  between  radiation  tests  could  be  greatly 
reduced. 

The  APWL  suggested  that  one  possibility  for  such  a dosimeter  might 
be  based  on  the  use  of  a Metal-Nltride-Oxide-Semiconductor  (MNOS) 
transistor  (Ref  8).  Therefore,  the  purpose  of  this  experimental  studv 
was  to  determine  the  feasibility  of  using  an  MNOS  transistor  as  the 
detector  in  a radiation  dosimeter. 


I 


Qo»lm«trv 

rh«  us*  of  «n  MNOS  as  a dosini*t*r  follows  fron  dosimetry  methods 
using  similar  devices.  The  MNOS  transistor  Is  a member  of  the  Metal- 
lnaulator>S*mlconductor  (MIS)  family.  Other  better  known  members  are 
the  M*tal>OKld*«S*mlconductor>Flald«Effact  Transistor  (MOSFET)  and  the 
M*tal«Uxld*«Ssmlconductor  Capacitor  (MOSC).  Us*  of  the  MIS  family  of 
devices  as  dosimeters  Is  possible  since  radiation  produces  measurable 
effects  In  each  of  these  devices,  kadlatlon  dosimeters  have  been 
designed  using  both  the  MOSFET  (Ref  1}  and  the  MOSC  (Ref 

A problem  with  both  the  MOSFET  and  MOSC  dosimeters  Is  the  s*ml> 
permanence  of  the  radiation  effects  in  both  (Ref  6:1270).  This  problem 
prevents  Individual  calibration  of  a given  dosimeter.  Lack  of  Indivi- 
dual calibration  limits  precision  to  ± when  devices  from  a single 
semiconductor  wafer  are  used.  If  devices  from  different  wafers  are 
used  for  calibration,  the  precision  drops  to  t 20%  (Ref  4:351). 

An  alternative  to  the  MOSC  and  MOSFET  Is  offered  by  the  MNOS.  Its 
characteristics  are  similar  to  those  of  the  MOSFET  with  on*  major  dif- 
ference. The  electrical  characteristics  of  the  MNOS,  which  are  altered 
by  radiation,  can  be  returned  to  their  p re- Irradiation  values  through 
the  application  of  a proper  electrical  signal  (Ref  12).  Since  radiation 
effects  are  not  permanent  In  the  MNOS,  a dosimeter  Incorporating  an  MNOS 
could  be  Individually  calibrated  to  permit  high  precision. 

A possible  further  advantage  of  the  MNOS  Is  Its  greater  hardness 
to  radiation  effects.  The  MOSFETS  used  by  Poch  and  Holmes-Sledle 
showed  saturation  dose  effects  at  4 x 10^  rads  (SI)  (Ref  1).  Studies 
of  the  radiation  hardness  of  MNOS  memory  arrays  (Ref  12:186)  have  shorn 
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chac  saturation  affacts  did  not  occur  until  3 x 10^  rads  (SI).  Consa* 
quant ly,  an  MNtiS  doalaatar  could  aaasura  dosas  naarly  two  ordars  of 
aagnituda  hlghar  than  tha  MOSFST  doalaatar. 

$copa  qX  tha  Problaa 

tha  prlaary  purposa  of  this  axparlaantal  study  was  to  dataralna 
tha  faaalblllty  of  using  an  HNUS  transistor  as  a radiation  dosiaatar. 

If  tha  MNOS  vara  shown  to  ba  usabla  as  a dosiaatar,  tha  daslgn  and 
charactarlstlcs  of  an  MNOS  dosiaatar  vara  to  ba  studlad. 

Iha  scopa  of  this  problaa  was  Hal  tad  to  tha  study  of  a xroup  of 

60 

MNOS  transistor  davlcas  both  bafora  and  aftar  thalr  axposura  to  Co 
radiation,  and  tha  study  of  an  MNOS  doslaatry  aathod  which  raqulras 
aanual  oparatlon  and  graphical  datamlnatlon  of  radiation  dosaga. 

Study  of  tha  aanual  doslaatry  systaa  Includad  dataralnatlon  of  alnlaua 
aaasurabla  dosa,  aaxlaua  laaasurabla  doss,  and  precision.  Final  design 
of  a fully  autoaatlc  MNOS  dosiaatar  was  considered  to  ba  beyond  tha 
scope  of  this  study. 

Verification  of  tha  MNOS  doslaatry  concept  began  with  a study  of 
tha  charactarlstlcs  of  tha  MNOS  transistor.  Iha  general  results  of 
that  study  are  shown  In  Chapter  II.  Once  the  general  theory  of  tha  MNOS 
davlcas  was  understood,  electrical  circuitry  had  to  bo  designed  to  allow 
tasting  of  the  MNOS  devices.  Chapter  III  includes  a description  of  tha 
devices  tasted,  tha  axparlnrantal  setup,  and  tha  tasting  procedures  used 
on  tha  MNOS  davlcas.  Since  tha  test  circuit  was  able  to  aaasura  tha 
affacts  of  radiation  on  tha  MNOS  davlcas.  It  was,  in  affect,  a manual 
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11.  MWOS  T1  •or? 

Much  of  th«  Choory  concarnlng  th«  MNOS  d«c«ctor  doals  with  Its  us« 
as  an  alactronlc  manory.  Iha  MNOS  was  davalopad  as  an  attanpt  to  pro> 
duca  a battar  Matal-Qxida-Saailconductor«Flald«CCfact-Translstor  (MOSFET). 

Ona  of  tha  prlnclpla  charaetarlstlcs  of  tha  MOSFET  is  a flxad  thrashold 
voltaga.  Whan  tha  aarly  MNOS  davlcas  wars  tastad  for  thrashold  voltaga, 

unaxpactad  rasults  wara  obtalnad.  Tha  thrashold  voltaga  was  found  to  ba  I 

variabla  and  dapandant  upon  tha  alactrlc  fiald  pravlously  appliad  frooi 
gata  to  substrata.  This  variabla  thrashold  voltaga  gava  rlsa  to  tha 

1 

usa  of  tha  davlea  as  an  alactronlc  aaaory.  | 

Radiation  degradation  of  tha  Information  stored  In  an  MNOS  manory 
unit  lad  to  Its  consideration  as  a radiation  detector.  In  order  to 
design  an  MNOS  datactor,  a general  understanding  of  tha  characteristics 
of  tha  device  Is  required.  This  chapter  describes  tha  basic  MNOS  device. 

Its  operation,  charge  transport  srachanlsms,  affects  on  stored  charge  bv 

I 

time  and  radiation,  and  tha  raad'dlaturb  affect. 

MNOS 

rha  MNOS  transistor  Is  an  Insulatad-Cata-Flald-Ef fect«Translstor 
(luFET),  similar  to  the  MOSFET.  Hovavar,  It  has  a double  layer  of  ln« 
sulator  material.  Figure  1 Is  a diagram  of  a p^channal  anhancamant- 

mode  MNOS  transistor.  Tha  substrata,  200  microns  thick.  Is  lightly  ‘ 

doped  n«typa  silicon.  Tha  source  and  drain  are  both  heavily  doped 
p«typa  regions.  A gata  region  Is  above  and  baCwaan  tha  source  and  drain. 


Pig.  1.  P»Ch«nn«l  Enhancam«nt  Mod*  M^K}S  Transistor  and  Symbol 
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Ih«  gat*  region  consist*  of  20  A of  SIO2  cov*r*d  by  900  A of  Sl^N^. 
M*talls*d  contacts  ar*  provldad  for  alactrlcal  connections  to  the  drain, 
source,  gate,  and  aubstrat*. 


The  operation  of  an  MNOS  transistor  Is  dependent  on  the  voltage 
applied  to  the  gat*  and  drain.  For  the  p*chann*l  *nhanc*n*nt«nod* 
device  In  Fig.  2,  current  will  flow  between  source  and  drain  when  a 
sufficiently  negative  voltage  Is  applied  froa  gat*  to  substrate  (V^^). 
Ih*  negative  voltage  on  the  gat*  pulls  holes  up  to  the  sllicon/slllcon* 
dloKld*  Interface.  The  holes  In  the  foraerly  n«typ*  material  form  a 
conduction  channel  between  the  source  and  drain.  This  channel  permits 
a current  to  flow  from  source  to  drain. 

Threshold  Voltage.  A variable  threshold  voltage  (V^)  Is  a char- 
acteristic of  an  MNOS  which  distinguishes  It  from  an  MOS  transistor. 
Threshold  voltage  la  defined  as  the  value  of  V^  which  permits  a defined 
amount  of  source-drain  current  (Isq)  Co  flow.  For  this  experiment  V.^ 
was  defined  as  the  value  of  ''cs  which  resulted  in  a total  source-drain 
current  equal  to  leakage  current  plus  ten  mlcroasiperes.  Fig.  3 Is  a 
generalised  set  of  versus  curves  for  an  MNOS.  It  can  be  seen 
that  the  values  of  the  leakage  current  (Isqq)  And  V.^  ar*  dependent  on 
the  conduction  state  of  the  device. 

Conduction  State.  The  MNOS  may  be  described  as  being  In  either  a 
high  conduction  state  or  a low  conduction  state.  The  V^^  versus 
curve  can  11*  anywhere  between  the  two  extremes  of  saturated  hlgh- 
ccnductanc*  and  saturated  low-conductance.  Typical  values  of  V^  might 
be  -0.4  volts  In  the  high -conduct ion  state  and  -11  volts  in  the 
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Fig.  3.  Gmcrallxtd  Curvts  for  Sourc*  Jrain  Current  den) 
Versus  Gete  Voltege 


Source  Drain  Current  (pA) 
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law-conduction  stat*.  The  ouignitude  of  threshold  voltage  In  the  high- 
conduction  state,  , Is  always  less  than  the  magnitude  of  the 

threshold  voltage  In  the  low-conduction  state,  . The  third  curve 

In  Pig.  3 shows  the  point  ^TO*  After  sufficient  time,  the  versus 
curves  move  from  either  saturated  condition  to  that  middle  curve. 

V^Q  may  be  called  a stable  threshold  voltage  because  It  does  not  change 
with  time.  The  difference  between  in  a low  and  high-conduction  state 


depends  upon  the  amount  and  polarity  of  charge  which  Is  stored  In  the 
device  at  the  slllcon-nltrlde/slllcon-dloxlde  Interface. 

Writing.  The  placing  of  additional  negative  charges  at  the  Inter- 
face Is  defined  as  writing.  A saturate  write  pulse  for  a p-channel 
oihancement  mode  MNOS  Is  a positive  Vqs  pulse.  It  must  be  of  sufficient 
magnitude  and  duration  to  put  the  device  Into  a saturated  hlgh- 
conductlon  state.  During  the  application  of  the  write  pulse,  as  seen 
In  Fig.  4,  electrons  penetrate  the  thin  oxide  by  a tunneling  process 
and  enter  deep  traps  In  the  silicon-nitride  near  the  boundary  of  the 
nitride  and  oxide  layers.  Saturation  occurs  when  the  field  across  the 
oxide  due  to  trapped  charge  equals  the  field  due  to  the  externally 
applied  V^.  Once  the  write  pulse  Is  removed,  as  shown  In  Fig.  3,  the 
stored  negative  charge  draws  holes  from  the  substrate  to  the  substrate/ 
oxide  interface.  These  holes  partially  open  a conduction  path  from  the 
source  to  the  drain.  This  conduction  path  Increases  the  leakage  current 
and  decreases  the  magnitude  of  the  threshold  voltage. 

Clear.  During  a clear  operation,  as  shown  In  Fig.  6,  a negative 
pulse  Is  applied.  This  causes  trapping  of  holes  In  the  nitride  at 
the  nitrlde/oxlde  Interface.  After  the  clear  pulse  ends,  the  trapped 
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?lg.  4.  Application  of  Fig.  3.  Trapped  Electrons  After  j 

Write  Voltage  End  of  Write  Pulse  i 


hol«a  pull  er««  •laetrons  co  cha  aurfaca  in  tha  subatrata  aa  shown  in 


Fig.  7.  Tha  axcasa  alactrons  affactlvaly  block  tha  conduction  path 
batwaan  sourea  and  drain.  Laakaga  currant  ia  tharafora  raducad  and  tha 
aagnltuda  of  incraasas. 

Machanlsa 

A aora  data! lad  discussion  of  tha  aachanlsas  of  eharga  transport 
in  and  eharactarlstics  of  tha  MNOS  is  givan  by  Frohaan-Bantchkowsky 
(Raf  2)  and  by  Lundstroa  and  Swansson  (Raf  9).  Lundstroa  and  Svansson 
indicata  that  modifiad  Fowlar-Nordhaia  tunnaling  aay  ba  tha  aachanisa 
for  transport  of  eharga  through  tha  oxida  whan  high  axtamal  fialds  ara 
appliad  and  tha  oxida  is  thin  (Raf  9:829).  Fowlar«Nordhaia  tunnaling 
is  basad  on  tha  quantua  physics  principla  of  tunnaling.  Tha  Fowlar- 
Nordhaia  axprassion  is  modifiad  by  Lundstroa  and  Swansson  to  includa 
spaclfic  probabilitias  for  trwsaission  of  carriars  through  tha  oxide 
and  nitride. 

Howavary  charge  transport  continues  after  tha  removal  of  Vq^.  This 
continued  charge  transport  is  controlled  by  tha  internal  fialds  due  to 
tha  trapped  charge  carriers.  Tha  charge  transport,  due  to  racombina* 
tion,  tends  to  neutralisa  tha  stored  charge  after  sufficient  time. 

ILSi  Sgg*cts 

Tha  changes  in  Vj  with  time  ara  seen  in  Fig.  8.  Tha  threshold 

3 

voltaga  can  ba  seen  to  ba  linear  in  log  (t)  at  least  out  to  10  minutes. 
Tha  curve  for  a device  initially  in  tha  low«conduction  state  is  similar 
(Rafl2t63).  The  dapandanca  of  on  stored  charge  seen  fron  tha  time 
affects  is  also  tha  basis  for  tha  primary  radiation  effects  in  MNOS. 
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MHOS  Threshold  Voltage  Versus  Tlae 


lUdlaclon  Ef f«ct« 


Radiacion  Induced  changes  In  an  MNOS  are  due  primarily  co  ehe 
effects  of  electran«hole  pairs,  produced  by  the  radiation.  Incident 
gasM  radiation  (Cobalt  60)  produces  Compton  electrons  which  in  turn 
produce  electron-hole  pairs.  These  free  charge  carriers  move  through 
the  oxide  under  the  influence  of  the  Internal  electric  fields  produced 
by  the  trapped  carriers  in  the  slllcon-nltrlde.  They  then  recombine 
with  the  trapped  carriers  to  reduce  the  stored  charge  and  cause  the 
threshold  voltage  to  change. 

Theory.  An  eag>lrlcal  equation  has  been  developed  which  relates 
the  threshold  voltage  In  an  MNOS  transistor  to  absorbed  radiation  dose. 

The  theory  leading  to  the  equation  Is  shown  In  Appendix  I of  Ref  12. 

The  development  proceeds  from  the  basic  relationships  between  applied 
field,  space  charge,  and  currant  in  an  Insulator;  and  then  assumes  a 

i 
( 

radiation  Induced  change  In  space  charge  based  on  ohmic  conduction  In 
the  Insulators.  A portion  of  that  development  Is  presented  hare. 

The  nitride  and  oxide  layers  of  an  MNOS  gate  are  modeled  as  a two- 
layer  Insulator  as  in  Pig.  9.  A thin  layer  of  charge  a is  assianed  to 
lie  in  a plane  at  the  nitride-oxide  interface.  The  relationship 
between  a,  the  nitride  field  E^,  the  oxide  field  Eq,  and  the  applied 


voltage  Vq  is  as  follows! 

'i.»n  * '."o  ■ ''as 

(1) 

(2) 

where  and  €g  are  the  dielectric  permitivities  of  the  nitride  and 
oxide  layers,  and  x„  and  are  the  thicknesses. 


i 


It  t«  assuMd  that  tha  valua  of  a at  tha  intarfaea  la  rasponalbla 


for  changaa  In  cha  flatband  volcaga.  Tha  flactMmd  voltaga  Is  that 

valua  of  Vqj  which  rasults  in  Eg  ■ 0.  Putting  this  ralationship  Into 
Eqs  (1)  and  (2)  yislds 


Equations  (1),  (2),  and  (3)  than  may  ba  solvad  for  E,^  and  E^: 


Eo  • Y (Vq5  • Vpg) 


En  - Y €g  (Vc5  ♦ ^Vp^) 


vhara  y • (^n*©  * ^o*nJ"*  ■ ^n^o/^o^n* 

valid  for  Eg  and  Eg  at  any  Instant  of  cima.  To  datarmina  Vpg  as  a 
function  of  tina  raquiras  tha  usa  of  tha  aquation  of  currant  continuity 


for  tha  systam. 


From  Eq  (6),  which  statas  that  tha  sum  of  tha  displacansnt  and  partlcla 


currants  is  tha  sama  in  both  layars. 


c - ; 


FB  g - €^dl 


Jn  ■ Jo 


Whan  Eq  (2)  is  diffarantiatad*  combinad  with  Eq  (3),  and  substltutad 
into  Eq  (7),  ona  obtains 


t - -a  ; - -.I  fg 

*n  Jn“  Jo 

'^FB 


Sq  (8)  gives  the  cias  to  change  froa  the  initial  flatband 

voltage  to  Vpg,  the  final  flatband  voltage.  The  result  holds  for  any 
tvo»layer  insulator  systsa  on  a nondegenerate  ssaieonduetor.  If  the 
denoaiinacor  is  changed  to  e the  equation  also  holds  for  diseharg* 
ing  (reaoving  stored  charges).  The  value  of  V^>3  as  a function  of  tine 
can  be  deteniined  if  Eq  (8)  is  integrated  using  equations  for  and 
and  the  proper  Halts. 

The  effects  of  radiation  enter  into  Eq  (8)  through  the  current 
density  teras,  and  J^.  It  is  assuaed  that  at  sufficiently  high  dose 
rates  the  generation  of  charge  carriers  will  depend  prlaarily  upon  the 
radiation  dose  instead  of  bulk  generation  rates.  In  such  a case,  the 
net  carrier  density  will  not  depend  on  applied  field.  This  will  give 
rise  to  a fora  of  ohaic  conduction  across  the  oxide  and  nitride  layers. 

Net  carrier  density,  considering  recoabination,  and  under  irradia- 
tion is  given  byt 

n - gr  •nd  g - kR  (9) 

where  g is  the  electron-hole  pair  generation  rate  and  r the  effective 
(and  constant)  lifetiae.  In  this  case  g is  assuaed  proportional  by  a 
constant  k to  the  dose  rate  R in  rads/second.  For  ohaic  conduction 

l/O  * neu  • egT4  * ekRT)i  (10) 

2 

where  l/o  Is  the  conductivity  in  (A/V)*ca,  4 the  aobllity  in  cm  /V-s 
and  a the  nuaber  of  couloabs  per  carrier.  The  conductivity  is  proper- 

e 

tional  to  dose  rate  R and  a limped  aaterial  constant  a ■ ekru  giving 

l/o  - aR  (11) 
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To  eoaploc*  tho  dovolopaont  of  curront  density,  there  Is  (^'s  lew 


J • C/O  - aR£  (12) 

where  J is  current  density  in  Ajem  end  E is  the  field  in  V/ca. 

Assuaing  thst  the  current  density  due  to  radiation  is  much  larger 
than  the  norsMl  current  density,  the  current  density  due  to  radiation 
can  be  substituted  into  Eq  (8)  as  follows: 


•*nR  ■ 

(13) 

■>0R  • 

ttoREo 

(14) 

where  the  subscript  R indicates  current  dmsity  due  to  radiation. 

Substituting  for  and  E^  in  Eqs  (13)  and  (lA)  by  using  Eqs  (4) 
and  (3) 

JnR  • '^^o  ♦ SVpg)  (15) 

JoR  - <^o^n  <Vgs  - Vfb)* 

Substitution  of  Eqs  (IS)  and  (16)  into  (8)  using  the  current 
densities  due  to  radiation  leads  to 


-BR 

vi  * ''fB 

FB 

(16) 

where: 

B - 

(On^o^  ♦ tto^n) 

(17) 

R - 

Rt,  the  total  dose,  and 

(18) 

A - 

(19) 

After  Integration  and  rearrangeaent , tMs  results  In 


VpB  . vjg  axp(-BR)  ♦ AVqs  [exp(-BR)-l|  (20) 

This  expression  describes  the  change  of  ss  a coablnatlon  of  an 
axponentlal  decay  of  stored  charge  and  an  exponential  build  up  of  new 
chargee  at  the  Interface  due  to  an  applied  voltage  Vqs* 

Since  the  flatband  voltage  and  threshold  voltage  can  be  related  by 

''fB  - Vx  - (21) 

Eq  (20)  can  be  rewlttan  as 

Vx  - <•  (Vx  “ axp(-flR)  ♦ AVqs  |exp(-BR)-l|  (22) 

Changes  were  aade  to  Cq  (22)  for  the  purposes  of  this  study.  The 
tens  multiplied  by  the  constant  A was  set  equal  to  sero  since  the  value 
of  Vqs  V**  during  the  experimental  tests  except  for  determina- 

tions of  the  threshold  voltage.  The  second  change  Involved  replacing 
the  threshold  voltage  Vx  and  the  stable  threshold  voltage  Vxq  by  AVx 

AVx  - AVxj^^  1-exp  (-BR)]  (23) 

where  AVx  • 0,  and  the  terms  AVx  and  AVxj^  represent  the  change  In 
threshold  voltage  for  a glvsn  dose  of  radiation  R.  represents 

the  maxlmtai  threshold  voltage  shift  given  an  Infinite  radiation  dosage. 
It  corresponds  to  the  stable  threshold  voltage  V^.  Eq  (23)  should  fit 
the  experimental  data  from  an  MNOS  when  change  in  threshold  voltage  is 
graphed  versus  radiation  dosage. 
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Marraffino  2t_a^  usad  £q  (20)  to  fit  data  from  thraa  MNOS  davlcas 
with  dlffarant  oxida  thlcknasaaa  and  nltrtda  trap  dansltlaa.  In  aach 
caaa  tha  aaplrically  dataralnad  valua  of  tha  constant  B was  found  to  ba 
8 X 10*^  rads*^  (Raf  12:18,19).  Xha  valua  of  B was  consldarad  to  ba 
ralativaly  Invariant  dua  to  tha  ralatlva  invar lanca  of  tha  conductanca 
propartias  of  tha  diffarant  oxida  layars  in  tha  thraa  davica  typas 
(Raf  12:19). 

Raad-Dlsturb 

A final  charactaristlc  of  tha  MNUS  which  must  be  considered  is  the 
raad>disturb  affect  (Raf  10:2«22).  Reading  Is  tha  operation  of  applying 
a variable  to  an  MNOS  to  datenalne  its  threshold  voltage.  Any 
axtemally  applied  field  (Vq^)  will  tend  to  disturb  the  amount  of  stored 
charge  in  tha  nitride.  To  prevent  raad-disturb  effects,  the  read  pulse* 
width  must  ba  kept  much  lass  than  the  write  or  clear  pulse*widths.  A 
possible  mechanism  for  the  raad-disturb  effect  is  trap*assisted  charge 
injection  as  described  by  Swensson  (Raf  13). 

An  exaaiple  of  a shift  in  threshold  voltage  due  to  read*dlsturb 
effect  can  be  seen  in  Fig. 10.  The  write  pulse  for  this  device  was  100 
milliseconds  at  alS  volts.  The  output  can  ba  seen  to  have  decreased 
during  tha  10  millisecond  read  pulse.  The  output  voltage  is  read  across 
a 10  K resistor  and  indicates  tha  changes  in  source  drain  currant.  Tha 
output  would  have  reoiainad  constant  had  there  bean  no  raad*disturb 
affects. 
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I III.  SQutp— nt  md  ProctdurM 

I 

This  chapter  on  equlpnenC  and  procedures  provides  Information  on 
the  radiation  facilities  used,  the  test  devices  and  clrcultrv,  and  the 
experimental  procedures  used  to  obtain  the  data  on  the  MNOS  dosimeter. 

i 

I 

In  the  second  section  of  this  chapter,  minimal  Information  on  the 
specific  structure  of  the  MNUS  transistors  Is  given  due  to  restrictions 
on  proprietary  Information.  The  final  two  sections,  on  experimental 
method  and  standardised  testing  procedure,  are  critical  to  the  repro« 
duclblllty  of  experimental  results. 

fasliliitf 

60 

Two  Co  sources  were  used  for  the  radiation  testa  In  this  study. 

Most  of  the  testing  was  done  In  the  North  Gamma  Irradiation  Pacllltv 
(North  GIF)  at  Sandla  Laboratories,  Albuquerque,  .New  Mexico.  The  North 
GIF  permits  a dose  rate  of  nearly  6 x 10^  rads  (Si)/mlnute  at  the  center 
of  the  source  array.  Lower  dose  rates  are  available  at  different  points 
throughout  the  cell. 

A second  radiation  source  was  the  Gamma  Irradiation  Facility  at 
the  Air  Force  Institute  of  Technology  (AFIT),  Wrlght-Patterson  AFB, 

I Ohio.  It  was  limited  to  a dose  of  3 x 10^  rads  (Sl)/hour.  The  AFIT 

GIF  only  had  provision  for  Irradiation  In  the  center  of  its  source  array. 

Different  experimental  positions  In  the  North  GIF  have  been  pre- 
vlously  calibrated  In  units  of  absorbed  dose,  rads  (H2O).  Conversion 
factors  are  given  for  rads  (SI).  Consequently,  calibration  of  a 
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dosla«e«r  can  b«  mad*  dlractly  In  rads  by  rafaranea  to  tha  a I van 
axpoaura  rata  of  tha  sourca. 

rraaatstors 

Tha  MNOS  transistors  usad  In  this  study  ara  tast  transistors  which 
wars  fabricatad  along  with  savaral  othar  circuits  on  a singla  silicon 
chip.  Tha  chips  ara  paekagad  in  14-pin  caramic  flat  packs.  Howavart 
laada  wars  aval labia  only  for  tha  MNOS  tast  transistors.  Uua  to  tha 
raatrictad  nusibar  of  laada  on  a flat  pack,  thara  was  sona  comnonallty 
of  substrata,  sourca,  and  gata  laads.  This  parmittad  aach  of  tha  six 
transistors  on  a chip  to  hava  a saparata  drain  connaction. 

Standard  MNOS  production  tachniquas  wara  usad  to  maka  tha  tran- 
sistors. Tha  diaansions  givan  in  Fig.  1 ara  approxlmataly  thosa  of  tha 
transistors  usad  in  this  axparinantal  study.  Tha  axparinantal  davlcas 
vara  praparad  by  Sandla  Laboratorlas,  Albuquarqua,  Naw  Naxico,  in 
August  1977. 

Non-stappad  gata  MNOS  transistors,  as  in  Fig.  1,  wars  tha  primary 
tast  davicas.  Howavar,  thara  wara  also  MNOS  transistors  with  althar  a 
singla  or  doubla  stappad  gata  structura  aval  labia  on  tha  MNOS  davica. 

Nona  of  thasa  gata  structuras  had  dloda  protactlon.  This  lack  of  pro- 
taction  raquirad  axtra  eara  in  handling.  Any  discharga  of  static 
alactrielty  into  tha  unprotactad  gatas  could  punch  through  tha  thin 
oxlda,  dastroying  tha  davica. 

III!  fV?Styrf 

Elactrlcal  contact  to  a salactad  transistor  was  provided  by  a tast 
fixture.  It  pansittad  easy  switching  between  tha  transistors  on  a 
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•Ingl*  davle*  or  botvoon  dlfforont  dovleos.  Tho  dovleos  voro  hold  In 
flat-pock  sockets  which  wore  attached  to  a 13  contact  plug  board.  A 
device  change  therefore  required  only  an  exchange  of  plug  boards.  The 
plug  boards  SMted  with  a socket  in  a small  altnlnum  chassis  boc. 

The  chassis  box  had  a series  of  eight  SPOT  switches  which  permitted 
selection  of  the  transistor  to  bo  tested.  One  side  of  each  switch  was 
connected  to  ground.  The  other  side  was  connected  to  either  the  gate 
or  drain  outputs  on  the  chassis  box.  This  design  allowed  a selected 
gate  and  drain  to  be  connected  to  the  test  circuit  while  the  other 
drains  and  gate  were  held  at  ground.  In  addition,  a 1 M resistor  was 
connected  in  series  with  the  gate  output.  The  resistor  served  to  pro- 
tect the  transistor  being  tested  from  excess  current  which  might  damage 
its  gate.  The  chassis  box  also  grounded  all  source  and  substrate  leads. 

Threshold  Detection  Circuitry 

A simple  electronic  circuit,  shown  In  Fig.  11,  was  used  to  Inject 
variable  voltage  and  variable  pulse«wldth  signals  into  the  gate  of  an 
>tlOS  under  test.  Roger  Tallon,  of  the  Air  Force  Weapons  Laboratory, 
Kirtland  AFB,  New  Mexico,  designed  the  original  circuit.  It  had  been 
used  to  test  early  MNOS  devices  for  radiation  hardness.  The  circuit 
was  monitored  at  two  places  with  an  oscilloscope.  The  gate  signal  was 
monitored  prior  to  the  MNOS  to  determine  voltage  and  pulse  width.  A 
second  monitor  point  was  the  drain  output  of  the  MNOS.  The  drain  was 
connected  by  a lOK  precision  resistor  to  the  drain  power  supply  Vq. 

Any  change  in  current  through  the  resistor  was  seen  on  the  scope  as  a 
change  In  voltage. 
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Ih«  circuit  delivers  either  a positive  (write)  or  a negative 
(read/clear)  pulse  Into  the  gate  of  the  transistor  being  tested.  The 
aaplltude  of  the  pulse  Is  varied  through  the  use  of  variable  power 
supplies  for  the  read/clear  and  write  circuits.  Provision  for  varying 
the  pulse  width  Is  provided  by  external  pulse  generators  which  trigger 
the  test  circuitry. 

Read  Pulse.  The  neasureaent  of  the  asq>lltude  of  the  read  pulse 
Is  critical  to  the  use  of  the  circuit  for  reading  the  threshold  of  an 
MNOS.  Best  precision  was  obtained  by  reading  the  value  of  the  read/ 
clear  power  supply  with  a digital  voltaeter.  Although  the  full  read/ 
clear  supply  voltage  does  not  appear  at  the  gate*  the  reduction  In 
voltage  Is  nearly  constant.  It  can  be  seen  fron  Pig.  11  that  most  of 
the  reduction  is  in  the  forward  bias  voltage  of  the  diode  which  protects 
the  read/clear  circuit.  For  the  circuit  sho«m(  this  voltage  reduction 
was  0.65  volts.  The  values  of  threshold  voltage  reported  In  this  paper 
all  reflect  the  added  0.65  volts.  True  threshold  voltage  as  previously 
defined  would  equal  the  stated  value  minus  0.65  volts. 

The  test  circuit  Is  connected  to  the  test  fixture  with  coaxial 
cable.  The  circuit  Is  capable  of  driving  25  feet  of  50  ohm  cable  with 
minimal  signal  loss.  Only  two  cables  are  required  between  the  circuit 
and  teat  fixture.  One  cable  carries  the  gate  signal  and  the  other 
carries  the  drain  output  signal. 

Operation  of  the  Test  Circuit 

The  teat  circuit  can  be  used  for  three  operations  on  the  MNOS 
being  tested.  Plrat,  It  can  be  used  to  clear  previously  stored  negative 
charge  with  a negative  pulse.  Second,  It  can  be  used  to  write, the 
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addition  of  nogatlvo  stored  charge, with  a positive  pulse.  And,  third, 
it  can  be  used  to  read  the  threshold  voltage  with  a negative  pulse. 

The  read/clear  section  of  the  circuit  provides  both  of  the  necessary 
negative  pulses.  The  two  operations  of  reading  and  clearing  only 
differ  in  pulse  width  and  asq>lltude. 

Clear.  Clearing  the  MNOS  being  tested  requires  a large,  -20  volts, 
negative  pulse  of  long  duration,  1 second.  The  clear  circuit  is  trig- 
gered by  a -5  volt  pulse  frosi  an  external  pulse  generator.  Pulse  width 
of  the  clear  pulse  is  also  detemlned  by  the  external  pulse  generator. 
The  aaplltude  of  the  clear  pulse  is  adjustable  by  selection  of  the 
power  supply  voltage  to  the  read/clear  circuit. 

Fig.  12  shows  the  results  of  a clear  operation,  the  output  at  the 
drain  is  driven  hard  to  ground  since  the  HNOS  is  fully  turned  on.  At 
the  end  of  the  pulse  the  output  returns  to  Vq  . The  clear  operation 
increases  the  nagnitude  of  the  threshold  voltage  and  decreases  the 
source-drain  leakage  current. 

Write.  Writing  the  MNOS  Is  slallar  to  clearing  it.  However,  the 
polarities  of  the  pulses  are  reversed.  The  write  pulse  and  its  trigger 
pulse  are  both  positive.  Amplitude  and  pulse  width  are  adjusted  the 
saae  as  for  the  clear  pulse. 

The  effect  of  a write  pulse  can  be  seen  in  Fig.  13.  During  the 
write  pulse  there  Is  no  change  in  output.  The  positive  pulse  tends  to 
turn  the  >tlOS  off  rather  than  on.  But,  at  the  end  of  the  pulse  the 
transistor  is  turned  fully  on  and  the  drain  output  goes  noarantarily  to 
ground.  This  is  followed  by  an  sKponentlal  return  to  Vq.  The  reaction 
is  caused  by  the  large  nuaber  of  trapped  negative  charges  initially 
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prM«nC  In  th«  nltrld*  ac  th«  and  of  th«  writ*  puls*.  Th«  MNOS  Is 
•ssontlally  fully  tumod  on  by  its  own  Intamal  flalds.  A largo 
sourco-drain  currant  flows  wtil  soaa  of  tha  eharga  laaks  through  tha 
gata  oxlda.  Savaral  saconds  aftar  a saturation  writs  pulsa  tha  laakaga 
currant  ratums  to  apprcxlaataly  20  nlcroaaparas. 

Raadlna.  Tha  final  operation  for  which  tha  tast  circuit  can  ba 
used  Is  reading.  The  read  pulse  aaplltude  Is  continuously  variable 
frcBi  near  sero  to  «13  volts.  The  power  supply  for  the  read/clear 
circuit  has  a fine  voltage  adjustsient  to  permit  output  voltage  changes 
of  0.01  volts. 

The  required  trigger  for  the  read  pulsa  Is  provldad  by  the  same 
pulse  generator  which  triggers  the  circuit  for  clearing  an  MNOS.  How> 
ever,  for  read  operations  tha  pulse-width  Is  reduced  to  the  alniaum 
which  will  provide  a clean  output  from  the  drain  whan  thrashold  voltaga 
Is  reachad.  Typicallyt  a road  pulsa-wldth  Is  nora  than  two  ordars  of 
ugnltude  less  than  a clear  pulse-width. 

for  the  MNOS  tasted  In  this  axperlnant  a read  pulse -width  of  300 
aicroseccnds  Is  used.  A shorter*  200  microseconds*  pulse  Is  adequate 
whan  Vj  Is  small  In  magnitude  but  not  whan  Vj  approachas  10  volts, 
fig.  14  shows  the  effect  of  read  pulsa-wldth  on  an  MNOS  device.  The 
finite  response  time  of  the  MNOS  does  not  permit  the  shorter  pulses  to 
cause  the  same  output  as  the  longer  pulse. 

Ocoerlmental  Method 

The  aettial  value  of  was  determined  by  manually  varying  the  read 
pulse  aaplltude  between  pulses  until  an  output  of  0.1  volts  Is  seen  at 
the  drain.  With  this  circuit  several  attampts  wera  usually  needed  to 


d«C«taln«  th*  threshold  voltag*  of  an  MNOS.  Individual  pulsaa  vara 
uaad  raChar  Chan  a pulaa  chain  co  alnlalaa  raad»dlacurb  affaccs. 

Uhlaaa  Cha  approoclaaca  valua  of  vaa  known.  Initial  raad^pulaaa 
vara  saall  In  aamlcuda.  Iha  aapllcuda  waa  Incraaaad  In  coarsa  stapa 
until  a raaponaa  waa  first  nocad  at  Cha  drain  output.  Than  cha  raad- 
voltaga  was  flna  adjuscad  to  causa  an  output  of  0.1  volts  at  cha  drain. 
That  output  voltaga  corraspondad  to  thraahold«voltaga  currant  acroas 
cha  lOK  drain  raslstor.  Iha  drain  output  was  monl corad  In  tha  AC  aoda 
of  cha  osellloscopa.  That  moda  allalnacad  a K voltaga  signal  causad 
by  cha  slowly  varying  laakaga  currant.  Ones  tha  das 1 rad  output  was 
obcalnad,  tha  voltaga  of  tha  raad/claar  powar  supply  was  raad  froa  tha 
voltsMCar  and  racordad  as  Cha  Chrashold  voltaga. 

Standardlsad  Tasting  Procadura 

Tlaa  Is  a critical  factor  In  any  attaapt  co  raproduca  rasulcs  with 
an  MNOS.  Tha  face  Chac  changes  wlch  Claa  means  chat  any  valua  of  Vj 
only  applies  at  cha  Instant  at  which  It  was  daeamlnad.  Tharafora,  any 
scatsMnt  about  threshold  voltage  muse  Include  Infonsatlon  on  Cha  clsia 
history  of  cha  device. 

Saturation.  One  convenient  point  for  starting  cha  time  history 
of  an  MNOS  Is  cha  sacurata  write  point.  Tha  sacuraca  wrlca  point  has 
associated  with  It  a fixed  valua  of  for  each  MNOS  Cranslstor. 
Saturation  Is  dataralnad  by  a series  of  wrlca,  wale,  raad  operations. 
Such  a sarlas  Is  a write,  a IS  second  wale,  and  then  a raad.  To 
accurately  datanelna  tha  threshold  at  cha  and  of  cha  IS  second  period 
requires  several  raad  pulses  during  Cha  waiting  period.  Tha  last  raad 


pulse,  uhleh  should  be  st  threshold  voltage,  should  cosie  at  the  end  of 
the  13  second  period. 

For  the  MNOS  used  in  this  study,  five  vrite  pulses  at  23  volts 
with  a pulse  width  of  1 second  were  used  to  insure  saturation.  Satura^ 
tion  has  been  reached  when  no  further  change  in  occurs  with  addi» 
tional  write  pulses.  If  desired,  a single  long  write  pulse  can  be  used 
Instead  of  the  several  short  pulses. 

Selected  Threshold  Voltase.  A second  point  in  time  to  start  data 
on  an  MNOS  occurs  when  the  threshold  voltaga  equals  a set  value.  First 
a value  of  is  selected  which  is  larger  in  magnitude  than  saturated 
Vj,  Then  the  MNOS  is  written  nearly  to  saturation.  Finally,  the  device 
is  read  with  pulses  fixed  at  the  selected  threshold  voltage  amplitude. 
The  drain  output  will  initially  be  greeter  than  0.  1 volts  but  will 
decrease  to  that  value  with  tiise.  Experiment  time  is  started  when  the 
output  reaches  0.1  volts.  At  that  time  the  threshold  voltage  is  equal 
to  the  selected  threshold  voltage. 


31 


IV.  Rtiaiyi 


f 

i 

i 


To  doaonocraco  ch«  foMlbillCy  of  an  MNOS  doslaocor  It  was  nocss- 
sary  to  show  that  Its  rasponsa  to  radiation  was  raproduelbla.  Ones 
that  was  shown,  data  wars  raqulrad  concamlng  alnlaua  and  aaxlauai  dosa 
and  tha  affact  of  dosa  rata.  Exparlnantal  data  wars  tharafora  takan  on 
tha  affact  of  radiation  and  on  tha  affact  of  tlma  on  the  MNOS  threshold 
voltaga.  Hlnlnal  data  ware  takan  on  dosa«rata  affacts  slnca  tha  MNOS 
is  consldarad  dosa»rata  Indapandant.  Tallon  and  Vail  (Raf  14)  Indicated 
that  under  proper  test  conditions  tha  MNOS  responds  only  to  total  dosa 
affacts. 

USi  Oapandanca 

Initial  tests  of  tha  variation  of  Vj  with  tlaa  Indicated  a loga- 
rlthalc  dapandance.  The  curve  In  Fig.  8 shows  the  affacts  of  tlaa  on 
V<f.  Tha  curve,  on  tha  saal«log  axes.  Is  alaost  linear  out  to  tha  last 
data  point  at  47  hours. 

A linear  least  squares  fit  applied  to  Vj  versus  log^Q  (tlaa) 
yielded  a correlation  coefficient  of  0.98.  Consequently,  data  on  V^ 
versus  tlaa  was  only  takan  for  approx Isuitaly  30  alnutas  on  later  MNOS 
transistors.  Tha  threshold  voltaga  at  later  points  In  tlaa  was  astl- 
aatad  by  extrapolation  of  tha  Initial  data. 

Fig.  8 also  shows  tha  sxcallant  reproducibility  of  tha  data  for  Vj 
versus  tlaa.  The  tlaa  history  for  tha  transistor  was  started  froa  the 
saturation  write  point  to  Insure  a fixed  starting  value  of  threshold 
voltaga. 
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Ih«  MNOS  transistors  usad  In  this  study  rospond  slowly  ovar  tins. 
This  slow  rssponsa  Is  an  assat  In  a davlca  which  Is  to  ba  usad  as  a 
doslmatar.  Parlods  of  hours  ara  oftan  requlrad  In  axparlaants  to 
achlava  a larga  total  dosa. 


Radiation  and  Tlaa  Daoandanca 

Tha  dapandanca  of  MNOS  thrashold  voltaga  on  tha  coablnad  affacts 
of  radiation  and  tlma  Is  shown  In  Fig.  IS.  Tha  maxlmtss  dosa  shown, 

4.3  X 10^  rads  (SI),  raqulrad  3 hours  43  nlnutas  to  accuoulata.  Radla> 
tlon  axposura  was  stoppad  at  that  tlma  slnca  tha  ehanga  In  thrashold 
voltaga  with  furthar  radiation  had  bacoma  minimal. 

Aftar  tha  Initial  4.3  x 10^  rads  (SI)  axposura,  tha  transistor  was 
claarad  and  than  wrlttan  again  to  saturation.  A second  radiation  ex- 
posura  repeated  tha  thrashold  voltage  maasuremants  out  to  2 M rads  (SI). 
Furthar  checks  on  reproducibility  of  data  were  made  with  two  additional 
radiation  exposures  to  640  k rads  (SI)  each.  The  data  from  tha  first 
axposura  vara  seen  to  differ  from  that  of  the  remaining  radiation 
exposures.  The  dlffaranca  was  determined  to  ba  a systematic  error  of 
0.14  volts.  Tha  error  was  caused  by  failure  to  write  tha  device  fullv 
Into  saturation  prior  to  tha  start  of  tha  experiment. 

Aftar  tha  constant  0.14  volt  error  was  subtracted  from  tha  first 
sat  of  data,  tha  standard  deviation  for  tha  data  was  determined.  Apply- 
ing a single  standard  deviation  to  tha  data  Indicated  a reproducibility 
of  ± 0.01  volts.  This  excallant  reproducibility  held  for  tha  remaining 
five  MNOS  transistors  tested.  The  data  showed  such  a high  degree  of 
precision,  ± 0.01  volts,  that  discrepant  values  ware  Immediately 
apparent. 
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Fig.  IS.  Ihrcsbold  Voltag*  Versus  Calibrated  Dose  In  Sads  (SI)  at  Ooalaater  Position 
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In  order  co  u««  the  MNOS  ••  « doalaecert  the  effect  of  radiation 
alone  had  to  be  separated  from  the  previous  data  which  included  the 
effect  of  the  time  required  for  exposure  to  that  calibrated  radiation 
doae.  Fig.  16  shows  the  effect  of  radiation  alone  on  the  value  of 
threshold  voltage.  Xhe  curve  shows  the  change  in  threshold  voltage 
versua  calibrated  doaage  for  an  MNOS  initially  written  to  saturation. 

PrioMry  radiation  affect  data  for  the  curve  was  obtained  from  a single 
4.3  M rad  irradiation.  The  first  data  points  were  then  confirmed  with 
a second  irradiation  to  a calibrated  dose  of  640  k rads.  After  the 
irradiation  tests,  a 22  minute  non>radiation  test  was  made  to  determine 
the  effects  of  time  on  the  threshold  voltage.  The  threshold  voltage 
versus  time  curve  was  than  extrapolated  to  provide  data  covering  the 
time  required  to  achieve  the  calibrated  radiation  dose.  Then  the  time 
dependant  threshold  voltage  data  was  subtracted  from  the  radiation 
effect  test  data.  Fig.  16  is  the  result  of  the  subtraction. 

Theoretical  Curve  Fit 

The  suggested  equation  for  changes  in  threshold  voltage  versus 
radiation,  Cq  (23),  was  fitted  to  the  data  for  Fig.  16.  A best  value 

for  the  radiation  effect  constant  B was  found  through  the  use  of  a I 

nonlinear  curve  fitting  computer  program.  With  threshold  voltage  as  | 

the  dependent  variable  a minimum  RMS  error  of  0.018  vielded  a value  of 
B ■ 8.22  X 10*^  rads*^.  Fig.  16  shows  the  excellent  agreement  between 
the  sKperimental  and  calculated  data. 

Although  tha  devicea  tested  in  this  study  differed  from  the  devices  { 

1 

tested  by  Mariffino  at  al.  the  radiation  daisage  constant  was  found  to 

I 

] 
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Fig.  16.  Ch«ng*  In  Ihrttshold  VolCaga  Versus  Calibrated  Oose  In  lads  (SI) 
at  Itoslaeter  Position 


bm  th«  SAM.  Th«  v«lu«  of  B ■ 8 x 10”^  rads*^  would  saoa  to  bo  rola* 
tlvoly  flxod  for  standard  MNOS  construction  tachnlquos. 

To  dotoraino  tho  precision  of  the  threshold  voltate  cestlnp  cir- 
cuit as  a doslaetert  Cq  (23)  was  solved  for  radiation  dose  as  a function 
of  change  In  threshold  voltage.  The  standard  deviation  In  the  radiation 
dosage  was  then  eaaq>uted  using  the  known  standard  deviation  of  the 
threshold  voltage  neasuresMnts.  Since  the  equation  contains  a loga- 
rlthalc  tans,  tho  precision  for  radiation  dosage  varies  with  the  dose. 

Values  of  the  coaputed  precision  of  this  doslnetry  aethod  are  shown 
In  Table  I.  It  can  be  seen  that  the  precision  Is  worst  at  the  low  dose 
end  of  tho  scale  but  laproves  rapidly  with  Increased  dose. 

Total  Dose  Effects 

One  MNOS  device  was  extensively  irradiated  to  detemlne  If  a large 
total  dose  would  pexaanantly  affect  It.  The  device  was  subjected  to  a 
total  calibrated  dose  In  excess  of  20  M rads  and  showed  no  pemanent 
effects.  The  saae  device  was  used  later  as  a doslaeter  and  operated 
nomally. 

aptiiittn 

Ihe  device  which  was  used  for  total  radiation  dose  effects  test- 
ing was  later  used  to  sake  doslootry  aeasuranents.  The  average  dose 
rate  obtained  frea  the  MNOS  doslaeter  of  6.42  ± 0. 08  k rads  per  alnute 
ccapared  favorably  with  the  calculated  dose  of  6.S  k rads  per  alnute. 

The  results  of  the  doalaetry  are  given  In  Table  II. 
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Table  I 

Relative  Practalon  of  MNOS  Ooaiaeter 


Oose 

(Rads) 

Standard  Deviation 
(Rads) 

X of  Oose 

21  k 

± 2.3  k 

11 

ISO  k 

± 2.5  k 

2 

213  k 

± 2.6  k 

1 

1.9  M 

^10.4  k 

0.5 

&.0  M 

±61  k 

1.5 

Table  II 

Oose  Rate  Calculations  at  Low  Oose 

Rate 

Tine 

(Min) 

Vt 

(volts) 

Tine  Oats 

AVt 

(volts) 

Oose 

(Rads) 

Oose  Rate 
(Rads/Mln) 

10 

-2.12 

-1.82 

-.30 

63.9  k 

6.39  k 

20 

-2.45 

•1.88 

-.57 

127  k 

6.34  k 

30 

-2.74 

-1.91 

-.83 

196  k 

6.53  k 

Table  III 
Oose  Rate  Calculations  at 

High  Oose  Rate 

Rin 

Tina 

(Min) 

Vt 

(volts) 

Calculated 
Tine  Data 
(volts) 

AVt 

(volts) 

Oose 

(Rads) 

Oose  Rate 
(Rads/Mln) 

1 

6.26 

-3.03 

-1.79 

-1.25 

292  k 

46.7  k 

2 

6.26 

-3.04 

-1.79 

-1.26 

292  k 

46.7  k 

1 

10 

-3.64 

-1.82 

-1.82 

471  k 

47.1  k 

2 

10 

-3.65 

-1.82 

-1.83 

471  k 

47.1  k 

1 

16.22 

-4.46 

-1.86 

-2.60 

767  k 

47.3  k 
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A sacond  doslmatry  run  was  mads  with  ths  sama  davlca  in  a much 
highar  doaa  rata  anvlronaant.  Iha  tast  flxtura  was  placad  in  tha 
cantar  of  tha  gamma  call  sourca  array.  An  astimatad  doaa  for  that 
position  is  60  k rad  par  minuta.  Tha  rasults  of  fiva  dosa  calculations 
takan  from  two  radiation  axposuras  ara  givan  in  Tabla  III.  Iha  avaraga 
dosa  obtainad  of  47.0  t 0.2  k rads  indlcatas  a ralativa  pracision  of 
± 0.4X. 

Parmansnt  Radiation  Omsaga 

Aftar  minimal  tasting,  thosa  transistors  which  had  stsppad  gata 
structurss  showad  parmansnt  radiation  offsets.  Tha  typical  stopped 
gata  transistor  started  with  an  alavan  volt  diffaranca  batwaan  and 
^TL*  ^TH  ^TL  threshold  voltages  in  tha  saturated  high* 

conduction  state  and  tha  saturated  lowconduetion  states,  raspactivaly. 
Aftar  a few  magarads  dosa  tha  value  of  V.q|  had  moved  down  to  nearly 
tha  value  of  Vj|^.  Tha  transistor  no  longer  acted  like  an  MNOS.  Its 
characteristics  ware  thosa  of  a fixed  threshold  MOS  transistor. 

A possible  explanation  of  this  is  shown  in  Fig.  17.  Tha  thicker 
oxide  on  either  side  of  the  nitride  layer  can  store  charge  in  the  sama 
manner  as  an  MOS  transistor.  Tha  field  placad  on  tha  gata  and  nitride 
layers  eventually  cannot  overcome  this  excess  charge.  Consequently, 
tha  device  no  longer  responds  normally  to  write  pulses.  For  this 
reason  MNOS  transistors  with  stepped  gata  structure  cannot  be  used  for 
dosimeters. 

Charge  Migration.  A second  parmanant  radiation  affect  was  noted 
with  these  MNOS  devices.  Mhan  tha  devices  ware  tasted  two  weeks  aftar 
their  initial  tasting,  their  responses  ware  not  normal.  Soma  would 
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1 

1 
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not  oporato  at  all  with  tha  1 M rasiator  In  tha  gata  circuit.  For 
othars,  tha  raaponaa  to  a raad  pulsa  waa  a dacraaaa  In  aourca/draln 
currant.  Such  bahavlor  waa  probably  dua  to  charga  algration  to  tha 
MNOS  tranalatora  from  tha  raaalndar  of  tha  aillcon  chip. 

Tha  Individual  tranalatora  occuplad  laaa  than  IX  of  tha  total  araa 
of  tha  chip.  Thay  wara  alao  tha  only  clrculta  on  tha  chip  with  con« 
nactad  laada.  Tha  atorad  chargaa  In  tha  MNOS  tranalatora  would  hava 
attractad  any  fraa  chargaa  which  had  baan  ganaratad  In  tha  raaalndar  of 
tha  larga  chip. 

Such  an  affact  haa  not  baan  raportad  for  diacrata  MNOS  davlcaa. 

For  that  raaaQn.  diacrata  davlcaa  ara  racoauMndad  for  uaa  In  doalmatar 
app  Heat  Iona. 
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V.  Conclmlotu  and  Raco—andat  1 ona  | 

i 

j 

1 

This  chaptar  prasants  tha  conclusions  drawn  concamlng  tha  usa  of 
an  MNOS  as  a doslaacar  and  racoanands  furthar  work  to  produca  an  MNOS 
doslaatar  which  Is  fully  autosMClc.  A possible  aathod  of  autoaatlc 
doslaatry  using  an  MNOS  Is  discussed  In  the  final  section  of  this 
chaptar. 

Conclusions 

An  MNOS  transistor,  used  In  conjunction  with  a simple  threshold 
voltage  detection  circuit,  provides  tha  capability  for  high  precision, 
high  dose  level  dosimetry.  Tha  MNOS  devices  used  in  this  study  can  be 
used  to  measure  exposure  to  doses  ranging  from  10  k rads  (SI)  to  more 
than  4 M rads  (SI).  Within  this  dose  range,  the  relative  precision  Is 
quite  good.  From  200  k rads  (SI)  to  4 M rads  (SI)  the  relative  precision 
Is  ± 1%  of  oMasured  dose.  The  relative  precision  at  low  dose  levels, 
less  than  20  k rads  (SI),  decreases  to  ± IIX  of  measured  dose. 

Use  of  the  MNOS  dosimetry  method  described  in  this  study  requires 
determination  of  two  different  calibration  curves.  One  calibration 
curve  Is  of  threshold  voltage  change  (AVj)  versus  time.  The  other 
curve  Is  of  versus  radiation  dose.  To  determine  a value  of  radia- 
tion dose,  one  must  know  both  the  value  of  AVf  from  saturation  and  tha 

* _ : 

I 

length  of  time  of  the  dose.  The  value  of  AV<[  due  to  the  effects  of  time 
Is  first  subtracted  from  the  measured  AV<p,  and  then  the  remaining 
Is  used  to  determine  dose  from  the  AV^  versus  radiation  dose  curve. 
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MNOS  transistor*  usod  for  doslaotry  should  not  havo  stappad-gata 
strueturas.  Tha  stappad-gata  structura  is  lika  an  MNOS  gat*  with  an 
MOS  gat*  on  aithar  sid*.  Uhdar  irradiation  th*  two  MOS  gat*  sactions 
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dagrad*  th*  parfonsanc*  of  th*  MNOS.  Aftar  sufficiant  dosa,  a faw 
M rads  (Si),  th*  thrashold  voltag*  of  th*  antir*  davic*  is  shiftad  to 
th*  low  conduction  stat*  and  can  no  longer  b*  varied.  Sine*  this 
degradation  is  parmanant,  a stappad-gata  MNOS  should  not  b*  used  for 
dosiaatry  purpose*. 

Th*  paraanant  degradation  by  radiation  of  a stappad-gata  MNOS  also 
suggests  problams  in  MNOS  manory  arrays.  If  stappad-gata  devices  ar* 
used,  radiation  dasiag*  bacoaias  pamanant.  It  is  possible  that  th*  radi- 
ation hardness  of  such  an  array  would  b*  limited  to  th*  hardness  of  a 
eonparabl*  MOS  memory  array. 

Radiation  affects  in  an  MNOS  which  causa  changes  in  thrashold 
voltag*  can  b*  described  by  th*  aquation 

AVj  . AV-imax  - «P(-BR)]  (24) 

where  is  tha  change  in  thrashold  voltage,  is  th*  maximum 

Chang*  in  thrashold  voltage,  B is  an  axparimantally  datarminad  constant 
(rads*^),  and  R is  th*  total  dos*  in  rads.  Tha  value  for  B datarminad 
for  on*  of  th*  devices  in  this  study  is  8.22  x 10'^.  This  value  corres- 
ponds to  a value  of  8 x 10"^  found  by  Marriffino,  at  al  (Ref  12tl8). 

Ih*  us*  of  MNOS  davicas  which  war*  part  of  a largo  MNOS  test  chip 
load  to  parsMnant  degradation  of  th*  MIOS  davicas.  A probable  causa 
for  this  damage  is  charge  migration  from  th*  remainder  of  th*  large  test 
chip  to  th*  ^•I0S  transistors.  Bacaus*  of  this  affect,  MNOS  davicas  for 
dosimetry  should  be  diserat*  transistors  if  possible. 
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R«co^w\d«tl<in» 

Th«  final  portion  of  thli  study  Involved  an  attaapt  to  design  a 
partially  autoaatlc  doslaetry  aathod.  One  requlreaent  for  full  auto* 
aatlon  Is  an  autoaMtle  threshold  voltage  detection  circuit.  Analog 
circuits  exist  for  this  task,  but  the  Inherent  accuracy  of  a digital 
circuit  Is  desired. 

The  block  dlagraa  of  a suggested  circuit  Is  shown  In  Fig.  18. 

A circuit  using  that  block  dlagraa  was  breadboarded  and  given  very 
Halted  testing.  It  was  not  always  able  to  reproduce  measureaents  to 
0.01  volts,  and  there  was  Insufficient  tlae  to  fully  study  the  circuit. 
Much  further  work  is  needed  to  determine  best  design  and  test  such  a 
circuit  for  precision  of  measureaent. 

Further  study  Is  also  recosnended  Into  the  use  of  the  MNOS  dosim- 
eter in  other  radiation  environments.  There  Is  evidence  that  the  MNOS 
Is  relatively  Insensitive  to  neutron  effects  (Ref  3).  An  MNOS  dosimeter 
might  therefore  be  able  to  measure  gamsa  radiation  in  a reactor  environ- 
ment. 

A final  step  In  the  development  of  an  >MOS  dosimeter  would  be  to 
couple  an  autosMtlc  threshold  voltage  reader  to  a saall  microprocessor. 
The  microprocessor  could  store  the  data  on  both  threshold  voltage  versus 
dose  and  threshold  voltage  versus  tlae,  monitor  the  dosimetry  runs,  and 
provide  an  automatic  digital  read  out  of  dose. 
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A nethod  of  radiation  doslaetry  using  a Metal-Nltrlde-OKlde-Sealconductor 
(MNOS)  device  as  the  detector  was  developed  and  partially  evaluated.  The  MNOS 
devices  are  capable  of  measuring  doses  from  10  k rads  to  4 M rads.  Repeat- 
ability of  observations  Indicates  a precision  of  ± IX  of  total  dose  from  200  k 
rads  to  4M  rads  (SI).  Dosage  in  rads  Is  obtained  by  reference  to  a calibrated 
source  exposure  rate  and  not  to  dose  absorbed  within  the  dosimeter.  A Co*||^ 
source  was  used  for  all  radiation  testing.  Schematics  are  given  for  some  of 
the  circuits  tested.  Determination  of  dosage  from  the  svstea  Is  Indirect  and 
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roqulros  tho  usa  of  a calibration  curve.  Each  dosimatar  nuat  ba  calibrated 
froa  a known  source.  Direct  rMdout  of  dose  is  suggested  by  use  of  a micro* 
processor.  Exposure  to^x  lO^rads  did  not  degrade  performance.  Devices 
eventually  failed  due  to  charge  migration  from  the  large  integrated  circuit 
chip  on  which  they  ware  fabricated.  Discrete,  non-stepped  gate  MNOS  transistors 
are  recommended. 
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